A haloalkane dehalogenase was purified to electrophoretic homogeneity from cell extracts of a 1chlorobutane-utiizing strain, m15-3, which was identified as a Corynebacterium sp. The enzyme hydrolyzed C2 to C12 mono-and dihalogenated alkanes, some haloalcohols, and haloacids. The K,,, value of the enzyme for 1-chlorobutane was 0.18 mM. Its molecular weight was estimated to be 36,000 by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and 33,000 by gel filtration. The isoelectric point was pH 4.5. The optimum pH for enzyme activity was found to be 9.4, and the optimum temperature was 30 to 35°C. The enzyme was stable for 1 h at temperatures ranging from 4 to 30°C but was progressively less stable at 40 and 50°C.
1-Chlorobutane-utilizing bacteria, Cornybacterium sp. strains tn2C-32 and m15-3, are able to grow with 1chlorobutane as the sole carbon and energy source. Strain m2C-32 dehalogenated a variety of halogenated compounds, such as 1-chlorobutane, 1,9-dichlorononane, 4-chlorobutanol, and 3-chloropropionic acid, under aerobic conditions; however, under anaerobic conditions the strain dehalogenated only haloalkanes. Those halogenated compounds, except for haloacids, were dehalogenated by the cell extract of strain m2C-32. The cell extract, having a broad substrate specificity, dehalogenated C2 to Cg haloalkanes to produce alcohols (33) .
Two kinds of haloacid dehalogenases, haloacetate, dehalogenase (EC 3.8.1.3) (8, 13, 14, 28 ) and 2-haloacid dehalogenase (EC 3.8.1.2) (9, 17, 21) , have been found. Furthermore, a DL-2-haloacid dehalogenase was purified from a Pseudomonas sp. (22) . A number of dehalogenases which are active with haloacids have been purified and characterized, whereas only two enzymes which dehalogenate short-carbon-chain haloalkanes have been demonstrated. A. glutathione-dependent dehalogenase which acts on dihalomethanes was purified from Hyphomicrobium sp. strain DM2 (16) , and a haloalkane dehalogenase which catalyzed hydrolytic dehalogenation of n-halogenated C1 to C4 alkanes was purified from Xanthobacter autotrophicus GJ10 (15) . The dehalogenase of X. autotrophicus GJ10 was found to be constitutively produced (12) , and the dehalogenases of 1-chlorobutane-utilizing strains m2C-32 and m15-3 were found to be inducible. The substrate specificities of all of the dehalogenases which have ever been purified were rather narrow, whereas the dehalogenase of strain m2C-32 seemed to have a very wide range of substrate specificity. However, we could not purify the dehalogenase of strain m2C-32 to homogeneity. On the other hand, the resting cells and cell extract of strain m15-3 also showed almost the sam.e substrate specificity as did those of strain m2C-32, Which suggested the presence of a haloalkane dehalQgenase with a broad substrate specificity in the cell extract of straih m15-3. Therefore, in this paper we describe the purification and properties of a haloalkane dehalogenase from the 1-chlorobutane-utilizing bacterium strain m15-3. * Corresponding author.
MATERIALS AND METHODS
Materials. DEAE-cellulose (Whatman DE-52) was obtained from Whatman Ltd.; hydroxyapatite was from Seikagaku Kogyo. Butyl-Toyopearl, DEAE-Toyopearl, and Toyopearl HW55S were purchased from Toyo Soda Manufacturing Co. Ampholine was from LKB Products AB, Bromma, Sweden. pl marker proteins and marker proteins for SDS-polyacrylamide gel electrophoresis were from Oriental Yeast Co. Standard proteins for gel filtration were from Bio-Rad Laboratories, Richmond, Calif. Other chemicals were of analytical grade.
Organisms and growth conditions. 1-Chlorobutane-utilizing strains m2C-32 and nm15-3 were isolated from soil (33) . The organisms were grown aerobically at 30°C in a medium containing the following (per liter): KH2PO4, 1.5 g; Na2HPO4-12H20, 1.5 g; NH4NO3, 4.0 g; MgSO4 .7H20, 0.2 g; CaSO4. 2H20, 10 mg; FeSO4 7H20, 5 mg; and yeast extract, 50 mg (pH 7.2). For solid culture, 17 g of agar was added. The carbon source, 1-chlorobutane, was sterilized separately by filtration through a membrane filter (type FG; pore size, 0.2 ,um) (Millipore Corp., Bedford, Mass.) and added to yield a concentration of 0.2% (vol/vol).
DNA was extracted from cells by the method of Marmtir (19) . The Tm value was determined by the method of DeLey and Shell (6) , and, on the -basis of the Tm value, the G+C content was calculated by using the formula described by Marmur and Doty (20) . Cell walls were prepared by the method of Cummins and Harris (4) and analyzed by the method of Staneck and Roberts (26) .
For the cultivation of strain m15-3 in a fermentor, 1% sodium succinate was used as a carbon source owing to the poor growth of strain m15-3 in a liquid culture with 1- chlorobutane. Cultures (20 liters each) were grown in a fermentor operated at a stirring rate of 600 rpm and an air rate of 1 liter/liter of medium per min at 30°C. The growth was monitored by measuring the A550 of the culture.
Cells harvested in the late exponential phase of growth were washed twice with 50 mM phosphate buffer, pH 7.2, and resuspended in the same buffer (60 g [wet weight] of cells per liter of buffer). KH2PO4-NaOH buffer was used as a phosphate buffer throughout this study. To induce the dehalogenase, 500 ml of the cell suspension was incubated 4049 with 1 ml of 1-chlorobutane in a 5-liter Erlenmeyer flask at 30°C on a rotary shaker for more than 9 h, until the amount of released chloride ion increased up to about 100 ,ugIml. The cells were harvested by centrifugation, washed with the phosphate buffer, and stored at -80°C in a freezer.
Induction of dehalogenase. The resting cells of strains m2C-32 and mlS-3 were prepared from cells which were grown on sodium succinate, suspended in 50 mM phosphate buffer (pH 7.2), and incubated with or without 1-chlorobutane (0.2%, vol/vol) in the presence or absence of chloramphenicol (0.5 mg/ml). After incubation at 30°C for 12 h, the cells were harvested by centrifugation, and cell extracts were prepared as previously described (33) . Cell extracts were also prepared from cells grown on 1-chlorobutane in liquid culture. Dehalogenase activity in cell extracts was determined.
Enzyme purification. The dehalogenase was purified from strain m15-3. All operations were carried out at 0 to 4°C, unless otherwise stated.
(i) Preparation of cell extract. Cell extract was prepared from 40 g of strain mlS-3 cells, as previously described (33) .
(ii) Ammonium sulfate fractionation. To the cell extract, 7.5% streptomycin sulfate solution in 50 mM phosphate buffer (pH 7.2) was added7 at a final concentration of 1.5% (wt/vol). The precipitate formed was removed by centrifugation at 15,000 x g for 15 min. Solid ammonium sulfate was added to the supernatant solution to 45% saturation, and the resulting precipitate was renmoved by centrifugation at 20,000
x g for 10 min, The supernatant solution was brought to 65% saturation with additional ammonium sulfate. The precipitate was collected by centrifugation at 20,000 x g for 15 min, redissolved in a minimal volume of 100 mM phosphate buffer, pH 7.0, and dialyzed against the same buffer.
(iii) DEAE-cellulose column chromatography. The dialyzed enzyme solution was applied to a DEAE-cellulose column (1.8 by 19 cm) which was equilibrated with the same phosphate buffer. The enzyme was eluted with a linear gradient of phosphate buffer (100 to 140 mM in a total volume of 400 ml; pH 7.0), and active fractions were pooled.
(iv) Butyl-Toyopearl column chromatography. The enzyme solution was brought to 30% saturation with ammonium sulfate and applied to a butyl-Toyopearl column (1.8 by 9 cm) which was equilibrated with 30% ammonium sulfate-50 mM phosphate buffer (pH 7.0). After the column was washed with the same buffer, the enzyme was eluted with a double linear gradient of 30 to 0% ammonium sulfate-50 to 5 mM phosphate buffer (pH 7.0) in a total volume of 200 ml. Active fractions were pooled and dialyzed against 100 mM phosphate buffer (pH 7.0).
(v) flEAE-Toyopearl column chromatography. The dialyzed enzyme solution was applied to a DEAE-Toyopearl column (1.4 by 20 cm) which was equilibrated with 100 mM phosphate buffer (pH 7.0). The column was washed with the same buffer, and the enzyme was eluted with a linear gradient of 300 ml of 100 to 140 mM phosphate-buffer (pH 7.0). Active fractions were pooled and dialyzed against 10 mM phosphate buffer (pH 6.8).
(vi) Hydroxyapatite column chromatography. The dialyzed enzyme solution was applied to a hydroxyapatite column (1.4 by 15 cm) which was equilibrated with 10 mM phosphate buffer (pH 6.8) and washed with the same buffer. The enzyme was eluted with a linear gradient of phosphate buffer (10 to 50 mM in a total volume of 200 ml; pH 6.8). Active fractions were pooled and concentrated by ultrafiltration.
(vii) Toyopearl HW55S gel filtration. The enzyme solution (about 10 ml) was applied to Toyopearl HWS5S column (4.4 by 60 cm) which was equilibrated with 50 mM phosphate buffer (pH 7.2), and the enzyme was then eluted with the same buffer at a flow rate of 1.5 ml/min. Dehalogenase activity coincided exactly with the protein peak. Active fractions were pooled and stored at -80°C.
Enzyme assay. Dehalogenase activity was assayed as follows, unless otherwise stated. Enzyme solution was diluted with 50 mM phosphate buffer, pH 7.2, to yield a final volume of 1.0 ml in a microtube and incubated with 10 ,mol of 1-chlorobutane at 30'C. One unit of enzyme activity was defined as the amount of enzyme required in order to release 1 ,umol of chloride ion per min. In the study of substrate specificity, the concentration of substrate was always 10 ,umol/ml and incubation was always performed for 1 h. The amount of halide ion released was determined spectrophotometrically at 460 nm with mercuric thiocyanate and ferric ammonium sulfate by the method of Iwasaki et al. (10) .
Protein assay. The protein concentration was determined by using the Bio-Rad protein assay with ovalbumin as a standard.
Disc electrophoresis. Polyacrylamide gel electrophoresis was performed by the general procedures of Davis (5) by using the gel and reservoir buffers of Williams and Reisfeld (31) . A sample was applied to a column of 7% polyacrylamide gel (pH 8.0) and run at a constant current of 2 mA per column in a Tris-barbital buffer, pH 7.0, at <4°C. Protein bands were stained with Coomassie brilliant blue R-250.
Determination of molecular weight. (i) Gel filtration on Toyopearl HW55S. Gel filtration was done at 4°C on a Toyopearl HW55S column (4.4 by 60 cm) equilibrated with 50 mnM phosphate buffer, pH 7.2. Proteins were eluted with the same buffer at a flow rate of 1.5 ml/min. Thyroglobulin (molecular weight, 670,000), immunoglobulin G (molecular weight, 158,000), ovalbumin (molecular weight, 44,000), and myoglobin (molecular weight, 17,000) were used as reference proteins.
(ii) SDS-polyacrylamide gel electrophoresis. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was performed by the method of Weber and Osborn (30) .
Cytochrome c hexamer (molecular weight, 74,400), tetramer (molecular weight, 49,600), trimer (molecular weight, 37,200), dimer (molecular weight, 24,800), and monomer (molecular weight, 12,400) were used as standard proteins.
Isoelectric focusing. To estimate the pI value of purified enzyme, gel disc isoelectric focusing (32) was performed on 5% polyacrylamide gel containing 2% Ampholine (pH 3.5 to 10) with modifications as indicated. As anode and cathode solutions, 0.02 M H3P04 and 1 M NaOH, respectively, were determined spectrophotometrically by the method of Edelhoch (7) . Determination of product. Five milliliters of enzyme solution (50 mM phosphate buffer; pH 7.2) was incubated with 100 ,ul of substrate at 30°C for 12 h in a Thunberg tube in which the atmosphere was replaced with nitrogen gas. The reaction mixture was extracted with ether, and the product was determined by gas-liquid chromatography (Gaskuropack 54 (2 m), 180°C; injector, 230°C), as previously described (33) .
RESULTS
Characterization of 1-chlorobutane-utilizing strains m2C-32 and m15-3. Both strains m2C-32 and mlS-3 are aerobic, gram-positive, oxidase-negative, and nonmotile bacteria. They are rods (0.4 to 0.6 ,um by 1 to 3 ,um) and are not acid fast. They are not spore-formers. The diamino acid of the cell wall peptidoglycan was meso-diaminopimelic acid. The G+C content of the DNA was 62.3% for strain m2C-32 and 63.4% for strain mlS-3. Those properties showed that the organisms should be classified as Corynebacterium sp. strains (25) . Owing to the lack of information concerning the pathogenicity of the strains, we could not identify m2C-32 and m15-3 to the species level.
Induction of dehalogenase. The dehalogenase activities in the cell extracts of strains m2C-32 and mlS-3 are given in Table 1 . Dehalogenase activities of both strains were not found in the cell extracts prepared from cells grown on sodium succinate. However, the cell extracts showed dehalogenase activities when the cells grown on sodium succinate were incubated with 1-chlorobutane. Chloramphenicol appeared to inhibit the production of dehalogenase in the cells during incubation with 1-chlorobutane. These results suggest that the dehalogenases of both strains were produced inducibly during incubation with 1-chlorobutane.
Enzyme purification. A summary of the enzyme purification procedure is shown in Table 2 . The enzyme was purified about 400-fold, with a yield of 10% from the cell extract of strain m15-3.
The purified enzyme showed a single protein band upon both polyacrylamide disc gel electrophoresis ( Fig. 1 ) and SDS-polyacrylamide gel electrophoresis (data not shown).
Molecular weight. The molecular weight of the enzyme was estimated to be 33,000 by gel filtration and 36,000 by SDS-polyacrylamide gel electrophoresis, indicating that the enzyme consists of a single peptide chain with a molecular weight of 36,000. Effects of pH and temperature. Maximum enzyme activity was observed at pH 9.4. The enzyme was stable in the pH range from 7.5 to 8.5 when assayed after incubation at various pHs (pH 6.0 to 8.0, 50 mM phosphate buffer; pH 8.5 to 10.5, 100 mM glycine-NaOH buffer) for 24 h at 4°C. The amount of released chloride ion was measured after incuba- Identification of the reaction product. The gas-liquid chromatogram of the product from 1-chlorobutane showed a major peak corresponding to n-butanol, suggesting that the purified enzyme converted 1-chlorobutane into n-butanol under anaerobic conditions. This result confirmed that the enzyme was a hydrolytic dehalogenase.
Substrate specificity. The substrate specificity of the enzyme was investigated. A broad substrate specificity of the dehalogenase was demonstrated; the relative values of the rate of halide release are shown in Table 3 . The enzyme a The rates of halide ion liberation from different substrates are expressed as percentages of the rate observed with 1-chlorobutane. dehalogenated monohalogenated n-alkanes from bromoethane to 1-chlorododecane, dihalogenated n-alkanes from 1,2-dibromoethane to 1,9-dichlorononane, chloroalkanes with a side chain, and 2-chloroalkanes. The order of reactivity was determined by using chloro-, bromo-, and iodobutane and was as follows: bromo-> chloro-> iodo-. The enzyme was active with some chloroalcohols and weakly active with some haloacids. No activity was found with 1-chlorohexadecane, 1-bromohexadecane, 3-chlorohexane, 1,2-dichloroethane, 1, 1-dichloroethane, 1, 1-dichlorobutane, 2-chloroethanol, 6-chlorohexanol, 2-chloropropionic acid, 2-chlorobutyric acid, 3-chlorobutyric acid, chlorocyclohexane, or chlorobenzene.
Isoelectric point and amino acid composition. The isoelectric point of the purified enzyme was estimated to be pH 4.5 by isoelectric focusing. The amino acid composition of the enzyme is shown in Table 4 . The predominant residues were proline, aspartic acid (or asparagine), glutamic acid (or glutamine), and leucine.
DISCUSSION
The cells grown on sodium succinate did not produce the dehalogenase, but those cells incubated with 1-chlorobutane in buffer produced the dehalogenase inducibly, indicating that the purified dehalogenase of strain m15-3 is used for growth on 1-chlorobutane. A high level of haloalkane dehalogenase induction was not observed in strain m15-3 compared with that observed in strain m2C-32 (Table 1) , and it was difficult to induce a constant level of dehalogenase in strain m15-3 (data not shown). One of the reasons for the poor growth of strain m15-3 on 1-chlorobutane in liquid culture may have been the low level of dehalogenase induction in the strain.
A haloalkane dehalogenase was purified to electrophoretic homogeneity from Corynebacterium sp. strain m15-3. The enzyme hydrolytically dehalogenated various haloalkanes and some related halocompounds. The dehalogenase of strain m15-3 seemed to liberate easily the halogen on the terminal carbon of haloalkanes. Most of the haloalkanes which were used in this study as substrates to determine the substrate specificity of the enzyme are insoluble or practically insoluble in water (for example, the solubility of 1-chlorobutane is 0.066%). Thus, 10 ,umol of the substrates per ml added to the reaction mixture could not be dissolve to the extent of 10 mM, except for bromoethane, 1-chloropropane, 1-chloro-3-methylbutane, 1,2-dibromoethane, 1,1dichloroethane, haloalcohols, and haloacids. We must consider the influence of substrate solubility on the relative activity of the enzyme shown in Table 3 .
In the dehalogenation of dihalogenated alkanes by the haloalkane dehalogenase, corresponding haloalcohols were supposed to be formed, and substrate specificity of the enzyme (Table 3 ) suggested that some of the produced haloalcohols could be further dehalogenated. However, in the case of the cell extract of strain m2C-32 1,3-dichloropropane and 1,4-dichlorobutane were transformed into the corresponding chlorohydrins, but diol compounds were not detected (33) . Though the strain m15-3 resting cells showed a dehalogenation activity with 3-haloacids such as 3-chloropropionic acid and 3-chlorobutyric acid (33) , the purified enzyme showed very low or no activity with 3-haloacids. This suggested that another dehalogenase was involved in the dehalogenation of 3-haloacids by the strain m15-3 resting cells.
Extensive investigations of microbial dehalogenation of haloacids have demonstrated the reaction mechanisms, and the enzymes have been characterized. Two kinds of dehalogenases, which act on haloacids, have been found: haloacetate dehalogenase (EC 3.8.1.3) (which dehalogenates exclusively haloacetate [8, 13, 14, 28] ) and 2-haloacid dehalogenase (EC 3.8.1.2) (which catalyzes dehalogenation of 2-haloalkanoic acids [9, 17, 21] ). Both of them are hydrolytic enzymes. These enzymes are evidently different from the dehalogenase described here because they act solely on L-2-haloacids.
The enzymes which have been observed to catalyze the dehalogenation of chlorinated aromatic compounds (18, 23) have not been purified. On the basis of substrate specificity, the dehalogenase of strain m15-3 is different from those enzymes.
There are many reports concerning biological dehalogenation of haloalkanes. Haloalkanes with long carbon chains, such as 1,9-dichlorononane, were dehalogenated oxidatively (24, 33) , whereas haloalkanes with short carbon chains, such as dichloromethane, 1,2-dichloroethane, and 1-chlorobutane, were dehalogenated hydrolytically (11, 33) or by glutathione-dependent reaction (27) . Also, haloalkanes with short carbon chains, such as carbon tetrachloride and trichloroethylene, were dehalogenated under methanogenic conditions (1, 29) or denitrification conditions (2) . A glutathione-dependent dehalogenase purified from Hyphomicrobium sp. strain DM2 acts only on dihalomethanes (16) and is clearly different from the enzyme described here. Keuning et al. (15) purified a haloalkane dehalogenase which catalyzes the dehalogenation of halogenated C1 to C4 nalkanes from X. autotrophicus GJ10. The purified haloalkane dehalogenase of Corynebacterium sp. strain m15-3 appears to have characteristics similar to those of X. autotrophicus GJ10. Each of these enzymes catalyzes hydrolytic dehalogenation of haloalkanes and is composed of a single peptide chain with a molecular weight of 36,000; however, they show many distinctly different characteristics. One purified dehalogenase, from Corynebacterium sp. strain m15-3, is an inducible enzyme, and the other, from X. autotrophicus GJ10, is a constitutive enzyme. The former enzyme, having a broad substrate specificity, dehalogenated C2 to C12 haloalkanes, even some haloalcohols, and, though weakly, some haloacids. The latter enzyme hydrolyzed haloalkanes with chains of less than five carbons and did not act on haloacids. The pl values of the enzymes were 4.5 and 5.4, respectively.
Haloalkanes, which are produced industrially and not found in nature, are called xenobiotics and are considered environmental pollutants. On the other hand, several bacterial strains which can degrade haloalkanes have been isolated from the environment (3, 12, 24, 27, 33) , and, as mentioned above, some dehalogenases which act on haloalkanes have been purified. Organisms which possess the dehalogenase that acts on haloalkanes seem to play an important role in the degradation of environmental pollutants. It would be interesting to investigate the physiological role of the enzymes that act on xenobiotics and to elucidate how the bacteria could acquire those enzymes.
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